The enormous theoretical potential of Quantum Information processing (QIP) is driving the pursuit for its practical realization by various physical techniques. Currently Nuclear Magnetic Resonance (NMR) has been the forerunner by demonstrating a majority of quantum algorithms. In NMR, spin systems consisting of coupled nuclear spins are utilized as qubits. In order to carry out QIP, a spin system has to meet two major requirements: (i) qubit addressability and (ii) mutual coupling among the qubits. It has been demonstrated that the magnitude of the mutual coupling among qubits can be increased by orienting the spin-systems in a liquid crystal matrix and utilizing the residual dipolar couplings. While utilizing residual dipolar coupling may be useful to increase the number of qubits, nuclei of same species might become strongly coupled. In strongly coupled spin-systems, spins loose their individual identity of being qubits. We propose that even such strongly coupled spin-systems can be used for QIP and the qubit-manipulation can be achieved by transition-selective pulses. We demonstrate experimentally the preparation of pseudopure states, implementation of Deutsch-Jozsa algorithm and the creation of Einstein-Podolsky-Rosen pair on a strongly coupled two spin system in isotropic medium. Finally a C 3 -NOT gate is implemented on a strongly coupled 4-spin system obtained from dipolar coupled protons of a oriented molecule.
πJ ij 2(I ix I jx + I iy I jy + I iz I jz ), (1) where, H Z is the Zeeman Hamiltonian, and H J is the coupling Hamiltonian. When 2πJ ij ω i − ω j , the system is said to be weakly coupled, and the Hamiltonian can be approximated to [5] ,
For qubit addressability, all ω i should be sufficiently dispersed and all J ij should be non-negligible (> 1Hz) and unequal in value. The values of J ij depend on the covalant bonds connecting spins i and j, and normally has a small range (< 10 2 Hz) and becomes too small (< 1 Hz) if the spins are connected by more than 4-5 covalent bonds. This places a natural limit on the number of qubits reachable by liquid state NMR using J-couplings alone. To overcome this limitation the possibility of using dipolar couplings was considered [6] [7] [8] [9] . The truncated Hamiltonian for dipolar interaction is [10] [11] [12] ,
The dipolar coupling D ij , between spins of gyromagnetic ratios γ i and γ j whose inter-distance vector r ij makes an angle θ ij with the Zeeman magnetic field is of the form [10] ,
Dipolar couplings among common nuclear species have larger magnitudes (∼ 10 3 Hz) and longer range than the scalar couplings. However, in isotropic liquids the time average of D ij vanishes, while in solids there are too many dipolar couplings resulting in broad unresolved lines and loss of qubit addressability. In molecules oriented in a liquid crystal matrix, while the intermolecular dipolar couplings are vanishingly small, the intramolecular dipolar couplings survive, scaled down by the order parameter (S ij ) of the liquid crystal [11, 12] ,
In such systems one obtains a finite number of sharp well resolved spectral lines making it possible to use such systems for NMR-QIP. However, in the NMR-QIP experiments implemented so far, the systems have been chosen such that either (i) 2π(J ij + 2D ij ) (ω i − ω j ), yielding weakly coupled spin-systems which is always the case for the heteronuclear spin-systems [6, 7] or (ii) the coupling 2π(J ij + 2D ij ) is finite and (ω i − ω j ) = 0, i.e., equivalent-spins case [8, 9] . In the latter case, the symmetry filtering of energy levels become increasingly difficult for higher number of qubits [9] . For the weak-coupling case, the Hamiltonian is given by,
The residual intra-molecular dipolar couplings D ori ij are large enough to obtain higher number of qubits than the number of qubits that can be realized using only J couplings in liquid state. In the case of weakly coupled spins, Zeeman and coupling Hamiltonians commute and therefore have common eigenbasis. As a result, eigenstates are represented as the tensor product of polarization states of individual spins. For example, for a system of N weakly coupled spin 1/2 nuclei, the eigenstates are of the form |x = N ⊗i=1 |x i , where |x i is |0 or |1 corresponding to the two eigenvalues +1/2 and -1/2 of spin i. The two orthogonal states of each nuclei are identified with the two states of a qubit, and the product state of weakly coupled spins of spin 1/2 can easily be identified with the state of n-qubits.
II. STRONGLY COUPLED SPIN SYSTEMS
Even though the heteronuclear spins oriented in liquid crystal matrix are excellent for QIP since they provide very good qubit addressability as well as good mutual coupling, the use of more than 3 to 4 heteronuclear spins is limited by the extensive hardware requirements. Therefore for reaching larger number of qubits, one needs to utilize homonuclear spins oriented in a liquid crystal. However, homonuclear spins oriented in a liquid crystal generally become strongly coupled since the coupling 2π(J ij + 2D ori ij ) becomes comparable to or more than the differences in Larmor frequencies (ω i − ω j ). The Hamiltonian for a strongly coupled system can be written as [5] ,
The Zeeman and the coupling parts of the Hamiltonian do not commute any more, and therefore the the eigenstates of strongly coupled spins are obtained as the linear combinations of product states.
In such a situation individual spins can not be treated as qubits. We demonstrate here that, the 2 N eigenstates of a coupled system can be considered as an N qubit system even in the presence of strong coupling.
While substantial work has been carried out in NMR-QIP using weekly coupled spin systems [13, 14] , till now the use of the strongly coupled spin system in QIP has not been experimentally demonstrated, presumably because (i) spin-selective pulses are not defined in the case of strongly coupled spin systems [5] , and (ii) the difficulty in constructing a general unitary operator using the evolution of scalar coupling [15] . The problem of using scalar coupling evolution of a strongly coupled two-spin system for a general unitary transform has recently been addressed theoretically, but extending to a general N-spin system is complicated [16] . However, we notice that unlike spin-selective pulses, the transition-selective pulses are well defined even in strongly coupled spinsystems [5] and hence it is possible to construct a general unitary transformation using transition selective pulses. Here we demonstrate NMR-QIP on a strongly coupled two spin-system by preparing pseudopure states and by creating Einstein-Podolsky-Rosen (EPR) state. Finally we show one example of a C 3 -NOT gate in a strongly coupled 4-spin system obtained from dipolar coupled protons using a molecule oriented in a liquid crystal matrix.
III. EXPERIMENT
Two examples of strongly coupled systems have been chosen (i) unoriented sample in an isotropic medium and (ii) oriented molecule in a liquid crystalline medium. In the latter case the aim of exploiting dipolar coupling between spins is also fulfilled. The systems chosen are (i) strongly coupled two-qubit system: trisodium citrate ( Figure 1 ), in D 2 O solution, and (ii) strongly coupled four-qubit system: 1-chloro-3-bromobenzene, oriented in liquid crystal ZLI-1114. The experiments have been carried out on a Bruker DRX-500 NMR spectrometer at 300 K temperature.
The four eigenstates of a strongly coupled two-spin system (of spin 1/2 nuclei; AB spin-system) in isotropic medium are, |αα , cosθ|αβ + sinθ|βα , cosθ|βα − sinθ|αβ , and |ββ , where θ = [5] . These eigenstates are labeled respectively as |00 , |01 , |10 , and |11 , thus forming a two-qubit system (Figure 1a). In system (i) (Figure 1b ), the scalar coupling (J) is 15 Hz, the difference in Larmor frequencies (∆f ) is 55.5 Hz, and the strong coupling parameter (θ) is 7.6 o . The equilibrium spectrum of the system is shown Figure 1c .
A. Preparation of Pseudopure states
In QIP, the computation normally begins from a definite initial state known as a pure state [3, 4] .
For example, an uniform superposition is obtained by applying the Hadamard transform to an initial N ⊗i |0 pure state. In NMR however because of the small energy gaps, it is not possible to realize a pure state, wherein either the whole population is in one energy level or whole magnetization is in one coherence, since it requires very low temperatures as well as very high magnetic fields. However, an alternate solution was discovered to overcome this problem [17, 18] . In thermal equilibrium, NMR density matrix can be written as
The first part is a normalized unit matrix which corresponds to a uniform population background.
The second part containing the trace-less deviation density matrix ρ dev (with a small coefficient ∼ 10 −5 ) evolves under various NMR Hamiltonians, and gives measurable signal. It was observed independently by Cory et al [17] and Chuang et al [18] , that by applying certain pulse sequence to the system in equilibrium, we can prepare the so called pseudopure density matrix,
The first part is again a scaled unit matrix, but the second part corresponds to a pure state. Such pseudopure states mimic pure states [14] . Many methods have been proposed for the preparation of pseudopure states including spatial averaging [17, 19] , temporal averaging [20] , logical labeling [18, 21, 22] , and spatially averaged logical labeling [23] . Some of the other methods include the preparation of pseudopure states via cat states [24] and preparation of pseudopure states by using transition selective pulses [25, 26] .
We use the transition selective method for redistributing the populations into a pseudoupre state. A transition-selective pulse of angle α tuned between two energy levels (i, j) transforms the population distribution according to (p i , p j ) α −→(p i , p j ) [5] , where, p i = p i cos 2 (α/2) + p j sin 2 (α/2) and p j = p j cos 2 (α/2) + p i sin 2 (α/2).
Pseudopure states can be prepared by applying certain transition selective pulses which equalize the populations of all but one energy levels and then destroying the coherences by a field gradient pulse. Figure 2 contains the spectra corresponding to various pseudopure states prepared by this method. Figure 2a has the equilibrium spectrum and Figures 2(b-e ) have the spectra corresponding various pseudopure states along with the corresponding deviation population distributions are shown on the right hand side. The |00 pseudopure state (Figure 2b) is prepared by the pulse sequence (Figure 2c, 2d ) are respectively prepared by applying either (180 • ) (4) or (180 • ) (2) pulses after creating the |00 pseudopure state. The |11 pseudopure state (Figure 2e) is prepared by the pulse sequence (α) (4) − G z − (90 • ) (2) − G z . All the spectra in Figure 2 are recorded by using a final small angle (10 • ) detection pulse to maintain linear response. In general the angle α = 2sin −1 2/3 − γ 2 /3γ 1 , where γ 1 and γ 2 (≤ γ 1 ) are the gyromagnetic ratios of the two nuclei. For higher number of qubits, this method involves more number of transition selective pulses (for example, 6 transition selective pulses are required to prepare |000 pseudopure state on a homonuclear 3-qubit system (Figure 3 ). Nevertheless, this method is simple and easy to implement for small number of qubits. A simpler version of the above method was used earlier for preparing pseudopure states in dipolar or quadrupolar coupled systems, where only π/2 and π pulses were needed [25, 26] .
B. Creation of EPR state
Einstein-Podolsky-Rosen (EPR) pairs are the maximally entangled pairs of the form (|00 ± |11 )/ √ 2 or (|01 ± |10 )/ √ 2 which are not reducible into product states of individual qubits [3] .
The non-local correlation exhibited by these pairs have no classial equivalence, and are exploited in many branches of quantum information processing including quantum computation and quantum teleportation [3, 4] . EPR states of a pair of weakly coupled nuclear spins have been earlier created by NMR using spin selective pulses and evolution of coupling [7] . Here we demonstrate the creation of 
±y }, where the superscripts (k) denote the transition numbers labeled as shown in Figure 2a . Using each one of these different ways and then adding the results gives minimum errors. After creating EPR state, the next step is tomography, the measurement of the density matrix. Tomography in NMR is normally carried out using spin-selective pulses obtaining a series of one-dimensional NMR experiments each giving a linear equation of different elements of the density matrix [21] . However, in the case of strongly coupled systems, all operations including tomography excludes the use of spin selective pulses and demands either non-selective pulses or transition selective pulses or both. Recently, a robust method for tomography was suggested based on two-dimensional Fourier spectroscopy, which utilizes only non-selective pulses [27] . This method involves: (i) direct measurement to determine single quantum elements, (ii) an one-dimensional experiment for mea-suring diagonal elements, and (iii) a two-dimensional multiple quantum experiment for measuring other off-diagonal elements. The EPR state (|00 + |11 )/ √ 2 has pure double quantum coherence, and therefore, the direct measurement should not give any signal (Figure 4b ). The measurement of diagonal elements involves a gradient pulse to destroy coherences followed by a small angle (10 • ) detection pulse. The spectrum thus obtained is shown in Figure 4c and has the transitions whose intensities are proportional to the differences of the diagonal elements of the original density matrix: Figures 4l and 4m . The two-dimensional experiment is sufficient to measure all the off-diagonal elements of any general density matrix [27] . Since the diagonal and off-diagonal terms are measured by two different schemes, it is necessary also to determine the scaling between the two measurements [27] . This can be achieved by two experiments: (EP R) − (π/4 x ) − measure (m1) (Figures 4d and 4i) and (EP R) − (π/4 y ) − measure (m2) (Figures 4e and 4j ). The ratio of diagonal versus off-diagonal terms will be then (m1 − m2)/(m1 + m2). In the EPR density matrix, a maximum error of 18% has been observed in this ratio. The errors are mainly due to the imperfections of transition selective pulses, evolution of coupling during the pulses and RF inhomogeneity.
C. C 3 -NOT gate using an oriented system:
Although we have chosen the two-spin strongly coupled system in solution state for demonstration of pseudopure state and EPR state, the ultimate goal is the use of strongly coupled homonuclear oriented systems. While the detailed work on such systems will be published elsewhere, here we demonstrate a C 3 -NOT gate on a four-qubit strongly coupled system: 1-chloro-3-bromobenzene ( Figure 5a ), oriented in liquid crystal ZLI-1114. Figure 5b shows the equilibrium spectrum of the 4-qubit system. The states of a system can be freely labeled and optimized for minimum pulses to implement a particular operation, as long as the labeling is consistent with the energy level connectivities [29] . A C 3 -NOT gate can now be implemented by using one transition selective π pulse on one of the transitions (Figure 5c ).
IV. CONCLUSIONS
Increasing the number of qubits in NMR calls for the use of oriented homonuclear systems which generally are strongly coupled. Spin-selective pulses are not defined in the case of strongly coupled systems and qubit-addressability in such a scenario is achieved through transition selective pulses. It has been demonstrated earlier on weakly coupled systems, that using only non-selective pulses and transition-selective pulses one can implement logic gates [15, 22, 28] , and algorithms such as Grover's algorithm and Quantum Fourier Transform [30] . We show here on an isotropic strongly coupled two-spin system that, we can prepare pseudopure states and construct EPR states using transition selective pulses. Tomography is carried out using only non-selective pulses. A simple C 3 -NOT gate has been demonstrated on a oriented 4-qubit system. Further usage of strongly coupled systems for quantum information processing requires a method for consistent labeling of energy levels and multi-frequency excitation. Experiments are in progress in this direction.
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